(Received 14 September 2015; accepted 9 October 2015; published online 19 October 2015) We have annealed Ge 28.125 Ga 6.25 S 65.625 glasses doped with 0.5% Dy to create glass-ceramics in order to examine the local chemical environment of the rare earth ions (REI). More than 12 times enhancement of the emission at 2.9 and 3.5 lm was achieved in glass-ceramics produced using prolonged annealing time. Elemental mapping showed clear evidence that Ga 2 S 3 crystalline grains with a size of 50 nm were dispersed in a Ge-S glass matrix in the glass-ceramics, and the REI could only be found near the Ga 2 S 3 crystalline grains. From the unchanged lineshape of the emissions at 2.9 and 3.5 lm and lack of splitting of the absorption peaks, we concluded that the REI were bonded to Ga on the surface of the Ga 2 S 3 crystals. V C 2015 AIP Publishing LLC.
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Chalcogenide glasses have high linear and nonlinear refractive indices, a wide transparency window (up to 25 lm) and low phonon energy and, thus, are considered one of the best materials to host rare earth ions (REI) for the potential applications as lasers, amplifiers, and high-brightness infrared sources for remote sensing. [1] [2] [3] [4] [5] While the mid-infrared emissions from transitions between different energy levels are easily quenched in silica and fluoride glasses because of strong multi-phonon relaxation induced by the high phonon energy in silica (1100 cm
À1
) and fluoride glasses (560 cm À1 ), it is expected that active emissions in REI doped chalcogenide glasses could be achieved due to their comparatively low phonon energy (150-450 cm
).
1, 2, 6 In fact, the emissions due to the transitions between the different energy levels of REI have been observed, 7, 8 and modelling of laser action in REI-doped chalcogenide glasses has indicated that it should be possible to achieve lasing in the wavelength range from 3 to 5 lm. 9 However, only one successful experiment on lasing has been reported using REI doped chalcogenide glasses, 10 and the lasing wavelength still lay in the near infrared.
Recently, it has been found that tuning the chemical environment of the REI through crystallization is an efficient way to enhance the luminescence efficiency. 11, 12 For example, enhanced fluorescence was obtained in low-loss oxide glass-ceramic waveguides, making them quite promising for integrated optoelectronic devices. 13 Similar behaviour was also observed in REI-doped chalcogenide glass-ceramics where the luminescence increased significantly in transparent glass-ceramics compared with that of the base glass. 11, 12, 14 However, the fundamental mechanism for the enhancement of the mid-IR emission upon crystallization and the local chemical environment of REI-ion still remain largely unknown.
In this paper, we concentrated on fundamental issues when creating controllable and reproducible REI-doped chalcogenide glass-ceramics, such as the formation of different crystalline phases and the chemical environment of REI within them. The emissions at 2.9 and 3.5 lm were found to increase significantly with prolonged annealing time. Combined elemental mapping with other optical techniques, it was found that Ga 2 S 3 crystals with a size of around 50 nm were homogeneously dispersed in the glass matrix, and the REI were bonded with Ga 2 S 3 on the surface of those crystals.
Chemically stoichiometric Ge 28.125 Ga 6.25 S 65.625 glass doped with 0.5 wt% Dy was synthesized by the meltquenching method. The glass rod was annealed and cut into glass disks (110 mm Â 1.0 mm), and finally polished to optical quality on both sides for optical measurements. The glass transition temperature, T g , of the as-prepared glasses was measured using a differential scanning calorimeter (DSC1, Mettler-Toledo, Ltd., Switzerland). The glass-ceramics were created by annealing the as-prepared glass under nitrogen gas at 415 C, which is 20 C higher than T g . The chemical compositions of the glasses were analysed by an energy dispersive x-ray spectrometer (EDS) installed on a scanning electron microscope using commercial Ge 33 As 12 Se 55 as a reference.
The mid-IR fluorescence spectra in the range of 2000-4100 nm were measured in reflection mode through a computer-controlled system consisting of a Zolix Omnik3015 monochromator with a SCITEC Model 420 lock-in amplifier and an InSb detector cooled with liquid nitrogen. A laser at 1300 nm was used as an excitation beam. All measurements were taken at room temperature. The microstructure of the glass-ceramics was examined by transmission electron microscopy (TEM, FEI Tecnai TF-20) operated at 200 kV. The elemental distributions in glassceramics were analysed using Oxford INCA EDS equipped in TEM with a spatial resolution of 5 nm.
We first examined the chemical compositions using EDS installed on a scanning electron microscope since it was important to ensure that thermal annealing did not alter the chemical compositions of the samples. The experimental data were averaged from 10 different positions of the samples, and the spot size of the electron beam is around 3 lm. The as-prepared glass with a composition of Ge 28.16 Ga 6.65 S 65.09 and glass-ceramics annealed at 415 C for 50 h with a composition of Ge 28.73 Ga 6.76 S 64.49 are very close to the nominal composition of the glass Ge 28.125 Ga 6.25 S 65.325 . Moreover, we did not observe any significant trace of the oxygen in the glass-ceramics due to the protection of the nitrogen gas during the ceramization process. Instead, we have found that, while the glasses with an annealing time less than 15 h show no obvious changes (judged by eye) in the surface, once the annealing time is more than 15 h, the transparency of the glass-ceramics decreases due to the formation of the crystalline particles in the samples.
We employed TEM to characterize the microstructure and elemental distributions in the glass-ceramics. Figure 1(a) shows the typical morphology of the glass-ceramics, from which well-dispersed white and round particles with a size of around 50 nm are evident. We detected the elemental distributions in the same area using EDS mapping which would be better suited to this sample compared with electron energy loss spectra (EELS) as used in similar investigations, 14 because the Dy M-edge lies just beyond the Ge L-edge and Ga L-edge and would be impacted by their background tails, especially when Dy was expected to be present only in very small amounts. In contrast, in EDS, the Dy L-alpha peak at 6.5 keV does not show any overlap with the other elements.
Figures 1(b)-1(d) are, respectively, Ga, Ge, and S elemental mapping from the same area as shown in Fig. 1(a) .
Apparently, Figs. 1(a)-1(c) show similar morphology, and thus, the yellow dots in Fig. 1(b) indicate that Ga-element is dominant in the white crystalline grains in Fig. 1(a) , while the uniform blue color in Fig. 1(c) indicates that Ge is uniformly distributed in the amorphous parts of the glassceramic. In contrast, Sulphur-elemental mapping across the whole area exhibit uniform dark-red, indicating that S is homogeneously dispersed over the entire region.
Regarding the distribution of Dy, the EDS signal is rather weak because the nominal content of 0.5% Dy is close to the resolution limit of EDS. However, we measured more than 18 points located in either the amorphous or crystalline parts over longer exposure times in order to get the reproducible and reliable results on the distribution of Dy. It was found that Dy usually bonded with Ga-related structure while it was hard to find any trace of Dy in the amorphous parts. Two curves in Fig. 2 showed the typical EDS results with long exposure times from the Ga-S and Ge-S regions, respectively. As we can see, trace amounts of the Dy could be detected in the Ga-S grains whilst nothing could be found in the amorphous Ge-S parts, and the signal of the Cu is from Cu grid of TEM sample holder. Figure 3(a) shows the mid-infrared emission from the glass and glass-ceramics excited by a 1300 nm laser, where a significant enhancement of the emission in the glassceramics with prolonged annealing time is evident. For example, emission at 2.9 lm due to the Dy 6 H 13/2 ! 6 H 15/2 transition is enhanced more than 12 times, which is in sharp contrast with fivefold increase in Tm 3þ doped chalcogenide glass-ceramics.
14 The emission at 3.5 lm, which has been observed in Dy 3þ -doped BaYb 2 F 8 and Ga-Sb-S glasses, 15, 16 also appears and its intensity increases 8 times upon thermal annealing. However, the shapes of the peaks do not change, indicating that REI ions are not located in the crystalline structure of the glass-ceramics otherwise significant narrowing of the emission peaks should be observed. In addition, we only observed large absorption in glass-ceramics compared with that in pure glass, but we did not observe any splitting of the REI absorption peaks as shown in Fig. 3(b) . It is well known that crystal field effects could induce the splitting of the absorption peaks if the REI ions are located within the crystallites. Both the unchanged lineshape of the emission peaks in Fig. 3 and lack of splitting of the Fig.  1(a) , where the weak peak at 6.5 keV is evidence of the Dy distribution in Ga-rich area.
FIG. 2. EDS spectra in amorphous (red) and crystalline (black) parts of
absorption peaks in Fig. 3(b) confirm that the REI ions are not within the Ga-S crystals.
In the past decade, several different approaches have been used to identify the chemical environment of REI ions in chalcogenide glasses and glass-ceramics. It has been widely accepted that the addition of Ga into a chalcogenide glass can improve the solubility of REI ions in the matrix. 6 Lee et al. employed site-selective excitation spectra and found preferential spatial correlations between Nd 3þ and GaS 4 tetrahedra even at low Ga-doping levels. 17 Using ab initio molecular dynamics simulations, they further confirmed that Ga-Nd bonds were formed preferentially. On the other hand, in a recent paper, Lin et al. proposed that Tm 3þ ions were not involved in the nucleation and growth of Ga 2 S 3 crystals from almost identical XRD patterns of glassceramics with and without REI doping.
14 However, in both our experiments and those of Ref. 14, crystal grains with a size around 50 nm are observed in the glass-ceramics, and such a small size can induce broad XRD and Raman peaks. Moreover, the content of REI doping is less than 0.5%. Compared with broad peaks induced by the size effect, slightly structural modification by low level doping is too small to be observed. Therefore, the evidence of the chemical environment of REI-ions related to Ga 2 S 3 crystalline grains from XRD patterns is arguable. In contrast, our EDS mapping in Figs. 1(a)-1(d) shows clear proof that REI-ions are not registered at the amorphous Ge-S matrix.
The result from Figs. 1 and 2 is in contradiction with that in Ref. 14, where Lin et al. reported that the REI ions were dispersed at the Ge-rich sites in the glass matrix. We note that extraction of the Ga-L3 edge from the broad background from the Ge-L 3 edge in EELS in the paper by Lin et al. could be a major problem since their L 3 edges are close to each other, and therefore, it is hard to distinguish Ge-and Ga-related signals. In contrast, our selective elemental mapping in Fig. 1 clearly shows that Ge-and Ga-rich regions are distinguishable, and Ga 2 S 3 crystals are uniformly dispersed in an amorphous Ge-S network. While the experimental evidence confirms that the REI ions are not registered within both Ga 2 S 3 grains and Ge-S glass matrix, a reasonable explanation from our results is that, upon crystallization, Dy ions migrate/segregate to the interface between nanocrystalline Ga 2 S 3 and surrounding glass matrix, and the REI ions are actually bonded to the Ga 2 S 3 crystals forming Ga-REI or Ga-S-REI bonds at that surface (or interface between crystalline and amorphous parts in glass-ceramics). The central result regarding the local chemical environment of REI is in excellent agreement with that from the site-selective excitation spectra in which Ga-REI bonds were confirmed to be formed preferentially. 17 We further explained why we can observe the trace of Dy 3þ in Fig. 2 related to Ga 2 S 3 grains. While detecting the chemical composition, although the beam was focused on the surface of the white crystals in Fig. 1(a) , the EDS information from the black curve in Fig. 2 can contain contributions from both the surface and interior of the nano-crystals as well as adjacent amorphous regions due to the possible shift of the focused beam during the prolonged exposure time. If we reduced the size of the focused beam to 5 nm and then reduced the possible shift of the focused beam, there is a contribution from the REI ions bonded with Ga on the top of the white crystals. On the other hand, while the beam was focused on the amorphous regions with large area, any shift in the position of the beam means that it still remains within the amorphous zone. Therefore, the shift of the beam has no effect on the signal of the compositions in the regions. Most importantly, if the Ga-REI or Ga-S-REI bonds exist on the surface of the crystallites rather than within them, one would not expect to observe narrowing of the emission peak or splitting of the absorption bands due to crystalline field effects, and this is in accord with the experimental observations. Finally, we analysed the mechanism of the photoluminescence enhancement in the chalcogenide glass-ceramics. In the oxide glass-ceramics, the low phonon-energy crystalline environment formed by the incorporation of REI-ions into the crystalline lattice during the ceramization process is considered the key factor for the luminescence enhancement. 18 Obviously, in our case, the evidence on the position of the REI ions in Fig. 1 rules out the possibility that the REI ions are incorporated into the Ga 2 S 3 lattice. Lin et al. proposed that the formation of Ge-rich areas, rather than the presence of crystallites in the glass-ceramics is more favourable to the mid-infrared photoluminencence.
14 If this is a case, stronger photoluminescence should be observed in the Ge-rich glasses. We prepared two glasses with different Ge composition (one is chemically stoichiometric Ge 26.67 Ga 8 S 65.33 and the other is Ge-rich Ge 29.6 Ga 8 S 62. 4 glass, both doped with 0.5% Dy) and measured their photoluminescence. However, we did not observe any correlation between the intensity of the photoluminescence and the Ge content. We believe that an increase of the refractive index of the host matrix will lead to increased spontaneous emission probabilities and thus enhanced photoluminescence. 19, 20 This especially happens when Ga 2 S 3 crystals are induced in glass-ceramics since Ga 2 S 3 has a large refractive index of 2.563, 21 which is in contrast with the host glass with a refractive index of 2.122 at 1.55 lm. Significant role of Ga in enhancing the photoluminescence of the glass-ceramics is thus two-folded: one is to increase the refractive index of the glass-ceramics via the formation of the Ga 2 S 3 crystals, and another is to prevent the formation of the REI-ion clusters that could quench the photoluminescence.
In summary, we have prepared Ge 28.125 Ga 6.25 S 65.625 glasses doped with 0.5% Dy and annealed the glasses with different durations in order to probe the local chemical environment of REI ions in the chalcogenide glass-ceramics. Emission at 2.9 and 3.5 lm was found to be more than 12 times enhanced after prolonged annealing times. Elemental mapping showed clear evidence that in the interior of the glass-ceramics, Ga 2 S 3 crystalline grains with a size of 50 nm were dispersed in the Ge-S glass matrix, and REI ions only can be found in the vicinity of the Ga 2 S 3 nanocrystals. From the unchanged lineshape of the emission peaks and lack of splitting of the absorption peaks, we concluded that REI ions are bonded with Ga on the surface of the Ga 2 S 3 crystals.
